Abstract Cell-penetrating peptides comprising cloned epitopes that contribute to membrane transduction, DNAbinding and cell targeting functions are known to facilitate nucleic acid delivery. Using the ITASSER software, we predicted the 3-D structure of a well characterized and efficient transfecting cell-penetrating peptide, namely TATMu and its derivative TAT-Mu-AF protein that harbors a targeting ligand, the HER2-binding affibody. Our model predicts TAT-Mu-AF fusion protein as primarily comprising a-helices. The affibody in TAT-Mu-AF is predicted as a 3-helical domain that is distinct from the TAT-Mu domain. Its positioning in three-dimensional structure is oriented in a manner that possibly favors interactions with receptor and facilitates transport to the target site. The linker region between TAT-Mu and the affibody is also predicted as a helix that is likely to stabilize the overall fold of the TATMu-AF complex. Further, the evaluation of secondary structure of the designed TAT-Mu-AF fusion protein by circular dichroism is in support of our predictions.
Introduction
Efficient gene delivery into mammalian cells has been a challenge ever since it was considered a viable alternative to treat genetic diseases and inherited disorders. The translocating property of transcription factor Antennapedia (Antp) (Perez et al. 1992) , herpes simplex virus type 1(HSV-1) VP22 structural protein (Dilber et al. 1999 ) and the protein transduction domain (PTD) of HIV-1 (TAT) (Fawell et al. 1994 ) are some of the early examples of cellpenetrating peptides (CPPs) that mediate the delivery of proteins and nucleic acids of therapeutic potential. In the last decade, CPPs in gene delivery protocols have gained attention due to their versatility, non-toxicity and ability to deliver nucleic acids into cells (Abes et al. 2007; Lundberg et al. 2007; Vives 2005) . TAT CPP that encompasses a basic region of 11 amino acids of HIV-1 TAT has been demonstrated to deliver protein cargo across the bloodbrain barrier (Schwarze et al. 1999 ) and has wide application in the area of gene delivery (Vives et al. 1997; Eguchi et al. 2001; Torchilin et al. 2003; Ishihara et al. 2009 ). Miller's laboratory has shed light on the DNAcondensing ability of synthetic adenoviral Mu peptide (Murray et al. 2001) for nucleic acid delivery. Synthetic TAT peptide and more recently, a designed recombinant TAT fusion peptide TAT-Mu (TM), were demonstrated for efficient DNA delivery in the presence of cationic lipids (Hyndman et al. 2004; Rajagopalan et al. 2007; Xavier et al. 2009 ). The current advancements and applications of TAT and other CPP macromolecules in therapeutic delivery of DNA and siRNA in vitro and in vivo have been reviewed (Gump and Dowdy 2007; Eguchi and Dowdy 2009) . From these studies, it is evident that a combinatorial approach is more efficient to deliver therapeutic nucleic acids into cells.
Peptides with targeting ligands have been widely used in formulations that facilitate specific DNA delivery into MDA-MB-453 cells overexpressing the HER2 receptor (Medina-Kauwe et al. 2001; Jeyarajan et al. 2010 ), an ideal model for DNA targeting. A novel class of small affinity ligands first described a decade ago, i.e. the affibody, was developed towards multiple targets that includes specificity for the extracellular domain of human epidermal growth factor receptor 2 (HER2/neu) (Orlova et al. 2007) . It was also demonstrated that the affibody binds ErbB2 receptors overexpressed in MDA-MB-453/MCF-7/SK-BR-3 cells, through its recognition epitope comprising a 3-helix bundle domain (Nygren 2008) . The lack of cell specificity of CPPs motivated the addition of targeting moieties to generate additional functional epitopes and thereby engineer TM with a cell-targeting ligand namely the affibody (AF). However, a major concern preceding such effort is to ensure that the cloned affibody would specifically recognize its target. This would require the designed protein to fold appropriately. Therefore computational studies prior to experimentation of the designed peptides are useful to infer whether the designed protein is capable of maintaining a fold that favors the delivery of therapeutic nucleic acids.
Predicting 3-dimensional structures from amino acid sequences of designed peptides synthesized or overproduced de novo is important to understand the structurefunction relationship of biological macromolecules. In the absence of experimentally derived structures from the Protein Data Bank (PDB), the 3-D structures of peptides can be predicted using ab initio methods such as I-TAS-SER (Wu et al. 2007 ). Also, CD spectroscopy studies can be carried out to validate the secondary structure. Simulation studies by Zhang's laboratory demonstrate that I-TASSER can predict correct folds with high reproducibility for small single-domain proteins. The other programs available are ROSETTA (Simons et al. 1997 ) and TOUCHSTONE II (Zhang et al. 2003) . The average performance of I-TASSER is considered to be similar or better with a lower computational time (Wu et al. 2007) .
In this study, we investigated the structure of TM and chimeric fusion protein TAT-Mu-AF (TMAF) using the I-TASSER structure-prediction program. The TAT and Mu epitopes of the TM peptide are both necessary for DNA binding and cell uptake (Rajagopalan et al. 2007) , while the purpose of the AF epitope, a targeting ligand is to confer specific recognition of the HER2 receptors overexpressed in certain breast carcinoma cells, namely MDA-MB-453. We report here the modelled structure of the chimeric protein TMAF and the evaluation of its secondary structure by CD spectroscopy.
Methods

Peptide/protein design
The schematic shown in Fig. 1a depicts the organization of the designed peptide TM and TMAF. The corresponding sequence alignment shown in Fig. 1b was generated using ClustalW program (Thompson et al. 1994 ). The TM chimera has an N-terminal His-tag region followed by 11 amino acid TAT epitope and 19 amino acid Mu epitope. In TMAF, the AF epitope is engineered downstream of the TAT and Mu epitopes with a linker (L) that separates the AF domain from TM. The linker sequences were derived as reported (Ma et al. 2004 ) and engineered in silico in pET28a plasmid expression vector (Novagen), in a manner that enables the separation of AF from the TM epitopes. The targeting ligand, a small peptide of *6 kDa, a noncysteine three-helix bundle domain (Nygren 2008 ) has earlier been used for a variety of applications such as in vivo tumor imaging, therapy, diagnostics, bioseparation (Wahlberg et al. 2003; Wikman et al. 2004 ). We expect the AF to maintain its native fold when fused to TM and hence have the capacity to recognize and bind HER2/3 receptors. The affibody, a HER2-binding peptide sequence (Canine et al. 2009 ) was cloned along with the TM and linker sequences as shown in Fig. 1 .
TMAF fusion protein construction, design and purification TMAF as shown in Fig. 1 was designed and cloned in the expression vector pET28a (Novagen) as an N-terminal Histag fusion protein. The 261 bp long minigene encoding the linker and affibody region was custom synthesized as one fragment and cloned in pGEM-T Easy vector (Promega) at Bioserve Technologies Ltd., Hyderabad, India. The cloned synthetic gene thus obtained was amplified with EcoRI and SacI sites incorporated in designed forward and reverse primers in order to facilitate cloning in-frame with the TAT-Mu epitopes in plasmid pTAT-Mu to generate pTMAF. Plasmid pTMAF was verified to confirm its sequence. The sequence encodes the peptide chimera of 192 amino acids of theoretical molecular mass 21,947 daltons. Plasmid pTMAF was transformed, grown and expressed in Escherichia coli BL21(DE3)pLysS and was subsequently purified under native conditions as described (The QIAexpressionist TM manual, Qiagen) using Ni-NTA column prior to CD measurements.
CD spectroscopy
A far-UV CD spectrum (195-250 nm) of purified TMAF (0.8 mg/ml final concentration) in phosphate buffered saline (pH 7.4) was recorded at room temperature using a Jasco J-815 spectropolarimeter (Jasco, Easton, MD). The spectra shown are the average of five scans that was corrected for the buffer baseline and plotted using Origin 7 software (OriginLab Corp.)
I-TASSER
I-TASSER is a protein structure prediction server based on iterative algorithm for de novo modelling (Wu et al. 2007; Zhang 2007 Zhang , 2008 Wu et al. 2007; Zhang and Skolnick 2004) . We used this program to model the structure of recombinant TM and TMAF corresponding to the amino acid sequences shown in Fig. 1b . I-TASSER is a hierarchical protein structure modelling approach based on the secondary-structure enhanced Profile-Profile threading Alignment (PPA) and the iterative implementation of the Threading ASSEmbly Refinement (TASSER) program (Wu et al. 2007; Zhang 2008) . The program retrieves template proteins of similar folds from the PDB library. In case no similar structures are detected, I-TASSER builds whole structures ab initio.
Results and discussion
3-D structure prediction of TMAF by iterative TASSER simulations TM peptide is characterized by its ability to bind DNA and transfect cells in vitro (Rajagopalan et al. 2007 ). Structures of TM earlier elucidated by atomic force microscopy depicted the formation of stable nanoparticles (Xavier et al. 2009 ). The modelled structure of synthetic a-helical TAT peptide alone has also been previously reported to adopt helical conformation (Ho et al. 2001) . As suitable templates were not available for the designed TM or TMAF, I-TASSER generated ab initio models and 5 models were reported for the sequence. Our results indicate that the TAT and Mu cationic domains in TM with abundant arginine residues are in a-helical conformation.
The tertiary structure of TMAF fusion protein with the AF domain engineered in TM for cell-specific DNA targeting was to ascertain if the targeting ligand, namely the HER2-binding affibody maintained the 3-bundle helical fold as in the NMR structure (Wahlberg et al. 2003 ). The TMAF model (model 1 in the ensemble) is shown in Fig. 2a using PYMOL software (DeLano 2002) . The other models were of lower rank and therefore not considered for further analysis. The TMAF model is predicted to comprise primarily helices. The targeting ligand is a 3-helix bundle. The confidence levels of the models are in the range (-5, 2) that suggests a good model. The model suggests that the AF 3-helical bundle is distinct from the TAT-Mu domain and this may facilitate recognition by HER2 receptors. Determination of the secondary structure of TMAF by CD spectroscopy
We also evaluated the secondary structure of TMAF protein by CD spectroscopy. Far-UV CD of TMAF protein in PBS buffer (pH 7.4) purified under native conditions as described in methods was used to determine to determine the secondary structure. CD spectroscopy reveals that the secondary structure is predominantly helical, Fig. 2b . This was supported by calculating the R values i.e. the ratio between the molar ellipticity at 222 nm and 207 nm from the CD spectra obtained for TMAF that was 1.33, supporting an increased a-helical content.
, is a useful parameter for the interpretation of CD spectra (Manning and Woody 1991) where a value of *1 indicates a-helices.
The structural requirement for TAT-mediated transduction is not known. The amino acids (47-57) of the HIV TAT also denoted as the protein transduction domain (PTD), were shown to mediate the passage of heterologous fusion proteins such as the b-galactosidase, into mammalian cells both in vivo and in vitro (Schwarze et al. 1999) . Using information from the in vitro data of cationic peptides (Rajagopalan et al. 2007) together with the modelling studies, we propose that the targeting ligand with the basic epitopes in TMAF possibly retain their a-helical conformation and therefore function for its DNA-binding and receptor-binding property. Further, CD spectra confirmed the helical nature of the designed TMAF fusion protein. This may be an important prerequisite for the uptake of nucleic acids that can be delivered via receptor ligand interactions through the affibody. This study predicts and confirms the structure of TMAF fusion protein. Molecular modelling studies combined with experimental determination as demonstrated here, maybe useful for the rational design of novel molecules of desired function. We are in the process of investigating the cell specificity of TMAF in vitro and in vivo.
Conclusion
This study predicts and confirms the structure of engineered epitopes of a recombinant cell targeting multidomain fusion protein TMAF that has been designed for the delivery of nucleic acids into the cells. Our study reveals that designed TAT-Mu (TM) and TAT-Mu-AF (TMAF) fusion proteins primarily comprise a-helices. The affibody retains the 3-helix bundle conformation known to be essential for recognizing the HER2 receptors. Such modelling studies may be a useful way to decrease the number of potential biomolecules that can be taken up for experimental validation in gene delivery protocols. (195-250 nm) . Mean residue mass ellipticity was obtained using a Jasco J-815 spectropolarimeter (Jasco, MD). Five scans were averaged and the calculated MRE values were plotted as a function of the far-UV-spectrum. The characteristic shape and magnitude of the CD spectral trace is indicative of a-helix conformation
